Introduction
Over the past few decades, olefin metathesis has emerged as ap owerful tool in organic synthesis. During this period,e fforts have been focusedo nt he development of new metathesis catalysts that show not only high activity,s electivity,a nd functional-group tolerance, but also operational simplicity and availability. [1] [2] [3] [4] These investigations resulted in the discoveryo f ruthenium complexes such as I, II, III, IV, V (Figure 1 ), which have found successful application in the preparation of various olefins, including natural andb iologically active compounds. [5] [6] [7] [8] In this paper,w er eport the use of cross metathesis for the synthesis of retinoids and curcuminoids. Both of these compound families ( Figure 2 ) exhibit beneficial biological activities. Retinoids, which are natural and synthetic analogues of retinoic acid, play an essential role in av ariety of biological processes,s uch as vision, reproduction, cell differentiation, and immune response. [9] [10] [11] Curcuminoids, which are derivativeso f curcumin, an atural pigment isolated from the rhizome of Curcuma longa,a lso show ab road range of biological activities, including antioxidant,a nti-inflammatory,a ntitumor,a nti-HIV, antibacterial, antiviral, and antifungal properties. [12] Additionally,r ecent clinicalt rials have demonstratedt hat curcumin is safe even in high doses. [13] [14] [15] [16] [17] Curcumin underwent clinicalt rials for cancer [18] and Alzheimer'sd isease. [15] However, its potential use as at herapeutic agent is severely affected by its low water solubility,r apid metabolism, and poor bioavailability. [19] [20] [21] 2. Results and Discussion
Chemistry
Continuing our studies on the synthesis of aromatic retinoids [22] and other biologically active compounds, [23, 24] we conceived as trategy for the synthesis of retinoic acid analogues with ac arbonyl group instead of an ethenylene( ÀCH=CHÀ) fragment in the polyene chains,a sw ell as curcumin analogues with an atypical arrangement of carbonyl groups.B oth types of compounds may be preparedf rom the same substrates, that is,v inyl or allyl ketones,b ye mploying cross metathesis (CM) for the synthesis of retinoids and unsymmetrical curcuminoids,o rs elf-metathesis (SM) in the case of symmetrical curcuminoids(Scheme 1).
To validate our strategy,w ei nvestigated the metathesis reactions of model vinyl and allyl ketones. Theu nsaturated ketones 3, 4, 7,a nd 8 needed for synthesisw ere prepared from commercially availableb enzaldehyde and cinnamaldehyde by using the Grignard reactionw ith vinyl-or allylmagnesium bromide followed by oxidation, as shown in Scheme 2.
In the first experiments,t he metathesis reactions of phenyl vinyl ketone (3)w eres tudied. Having in mind the synthesis of oxoretinoids and curcumin analogues, two series of reactions of 3,t hat is, its CM and SM reactions were investigated. Based on our previous studies related to the synthesis of etretinate Natural retinoids and curcuminoids are known for their broad spectrum of biological properties, such as antioxidant, anti-inflammatory,a ntitumor,a nd so forth. In this work, ac onvenient synthesis of aromatic retinoids and curcuminoids from vinyl or allyl ketones, and the corresponding alcohols, using olefin metathesis as ak ey reaction, was elaborated. The best yields and diastereoselectivities wereobtained from allylic or homoallylic alcohols by employing the two-step cross-metathesis/oxidation procedure. The synthesized analoguesw ere tested for their antiproliferativeactivity on human cancer cell lines of various origin (leukemia CEM,a denocarcinomaM CF7, cervical carcinomaH eLa) as well as for their antioxidant and anti-inflammatorya ctivity in vitro. All examined derivatives exhibited strong anti-inflammatory activity in vitro without affecting cell viability. They also showed strongc ytotoxicity against leukemia cell line CEM, except for 18 and 35.T he antioxidant activity of the tested compounds wasrather weak.
analogues, [22] we chose ethyl (2E,4E/Z)-3-methylhexa-2,4-dienoate (9)a saconvenient partner for the cross-couplingr eactions. When the CM of ketone 3 was carried out under optimal reaction conditions, as previously established for etretinate analogues (3 equiv diene 9,1 0mol %c atalyst III,t oluene, 50 8C), [22] the desired product 10 was obtained in less than 5% yield. The main product appeared to be ketone 11 formed through an undesirable metathesis pathway (Scheme 3). This reaction outcome could not be changed either by using different amounts of the catalyst (5 or 20 mol %) or its type (complex II). However,w hen the cross-coupling reaction was carried out in dichloromethane instead of toluene, the desired oxoester 10 waso btained in 18 %y ield. Although the product yield was low,t he reaction provedc ompletely E-stereoselective. Attempts to optimize the reactionc onditions did not result in any furtherimprovement.
Then, to test the usefulness of phenyl vinyl ketone for the synthesis of symmetrical curcuminoids, the SM of 3 in the presence of III in CH 2 Cl 2 or toluene( Scheme4)w as studied. Under optimal conditions (15 mol % III,C H 2 Cl 2 ,r eflux), alkene 12 was obtained in am oderate yield (45 %). In the case of symmetrical 1,2-disubstituted olefins, analysis of the E/Z product configura- HNMR spectrum, owing to the equivalence of the alkene protons. Determining ad ouble-bond configurationr equires an ew methodt ob ee mployed, whichu ses the low natural abundance of the NMR-active 13 Ci sotope to break the symmetry of the carbon-bound vicinal protons. [25] The 2D NMR technique uses ac ombination of INEPT and selectiveT OCSY pulse sequences to retrieve the coupling constant value of chemically equivalent alkene protons. Analysis of the correlation spectra for ketone 12 allowed us to identify the alkene proton signals and then to determine, from the peak areas, that the alkene was formed as am ixture of E and Z isomers in ar atio of 17:1. The SM of allyl ketone 4 was also investigated (Scheme 4). Despite expecting that this substrate should be more reactive than the electron-deficient vinyl ketone 3,p roduct 13,i nt he presenceo fc atalyst III,w as only produced in a4 9% yield as am ixture of E and Z isomers in ar atio of 23:1, as determined by using the same method.
As these initial results of the vinyl and allyl ketone metathesis reactions appeared unsatisfactory,i nv iew of the planned retinoid and curcuminoid synthesis, we decided to modify our strategy. In the next reactions, we used the correspondinga lcohols 1 and 2 as substrates, whichw eree xpected to be more reactive, instead of the unsaturated ketones. Allyl alcohol 1 was subjected to CM with diene 9 under various reactionc onditions. The results of these experiments are summarized in Ta ble 1.
When the reaction was carried out with three equivalents of diene 9 in the presence of as econd-generation catalyst( II or III)i nt oluene at room temperature, product 14 was formed in low yields (ca. 10 %), but with complete E selectivity ( Table 1 , entries 1a nd 2). Additionally,h omocoupled alcohol and unreacteds ubstrates were observed in the reaction mixture. By using dichloromethane as asolventand increasing the temperature to 40 8C, better yields of the desired product 14 wereobtained (Table 1 , entries 4-8). Interestingly,i nt his solvent, slow SM of ethyl 3-methylhexa-2,4-dienoate (9)w as observed, which never occurred in toluene. The best product yield was obtainedw hen alcohol 1 was reactedw ithf ive equivalents of diene 9 in the presence of catalyst III in refluxing dichloromethane (Table 1 , entry 6). When alcohol 1 was used in excess, as ignificant decrease in the yield of product 14 was observed (Table 1, entry 7). This result may suggest that SM of alcohol 1 is faster than its reactionw ith 9,a nd the corresponding dimer is resistant to secondary metathesis reactions. By changingt he solventfrom dichloromethanetotoluene or 1,2-dichloroethane and increasing the reaction temperature to 65 8C, the yield decreasedf rom 71 to 22 or 36 %, respectively (Table 1, entries 3 and 9). It seems that lower yields of 14 at elevated temperature can be attributed to faster catalysta nd product decomposition.I na ll cases, catalyst III proved to be more efficient in promoting this transformation than complex II.T he best reaction conditions were also optimal for the CM of homoallylic alcohol 2 with ethyl 3-methylhexa-2,4-dienoate (Scheme 5), affording product 15 in 80 %y ield. In both cases, the desired products (14 or 15)w ere formed with complete E stereoselectivity. Scheme3.CM reaction between phenyl vinyl ketone(3)and ethyl (2E,4E/Z)-3-methylhexa-2,4-dienoate (9) . Reagents and conditions: a) 10 mol %ofcatalyst III, toluene, 50 8C, 10: < 5%, 11:3 0%,b )10mol %o fc atalyst III,C H 2 Cl 2 ,reflux, 10:1 8%, 11: < 2%. As in the case of unsaturated ketones, allylic (1)and homoallylic (2)a lcohols were also subjected to SM. Metathetic homocoupling of secondary allylic andh omoallylic alcohols seemed to be an easy goal, as these substrates could be considered as type II and type Io lefins, respectively,a ccording to the Grubbs model of olefin reactivity. [26] Indeed, the optimized yields of SM products 16 and 17,a sr eported in Table 2 , were satisfactory.
However, both products were formed as inseparable mixtures of diastereoisomers (RS, RR/SS,b oth E or Z), although the stereochemical issue will not be discussed here. In the case of reaction of homoallylic alcohol 2,t he best yields (over 90 %) of product 17 were achieved with 5mol %o fc omplexes III or II ( Table 2 , entries 2a nd 4). Loweringt he catalystl oading from 5 to 3mol %d ecreased the product yield from 94 to 31 %f or Scheme5.CM reaction between homoallyl alcohol 2 and ethyl (2E,4E/Z)-3-methylhexa-2,4-dienoate (9). Reagents and conditions: a) 10 mol %ofc atalyst III, 5equiv of 9,CH 2 Cl 2 ,reflux, 16 h, 15:80%,1 00 % E. www.chemistryopen.org complex III and from 90 to 52 %f or complex II ( Table 2 , entries 1a nd 3). Other catalysts, such as I and VI (Figure 3 ), also provedeffective ( Table 2 , entries 5and 6).
Homometathesis of allylic alcohol 1 turned out to be more challenging. When the coupling reactionw as performed with catalyst III (10 mol %) in DCM at reflux, instead of the desired diol 16,c ompound 18 (40 %, Figure 4 ) was isolated ( Table 2, entry 7), which was formed through SM followed by isomerization, in addition to as mall amount of the isomerized substrate, propiophenone. Different reaction conditions were attempted to avoid the formation of product 18 and to improvet he yield of the SM product (Table2,e ntries [8] [9] [10] [11] [12] [13] [14] . At first, the influences of temperature, catalysta mount,a nd solventw ere examined for reactions promoted by catalyst III (Table 2, entries 7-11). It wasf ound that the yield of by-product 18 could be decreasedb yl owering both the reaction temperature ( Table 2 , entries 8a nd 10) and catalyst loading (Table 2, entry 11). From entries 8a nd 10/11i nT able 2i tc an be seen that the choice of solventi sa lso important. When the reaction was carried out in the presence of catalyst III in toluene, the conversion was higher and less of the isomerization product was formed. However,t his solvent effect wasnot obvious for reactions catalyzed by complex II ( Table 2 , entries 12 and 13). Fortunately, changing the promoter for compound II or VI ( Figure 3 ) and lowering the catalystl oading from 10 to 5mol %a llowed us to hamper the isomerization process completely.T he desired product 16 was produced in good yields (78 %i nt he presence of II,6 9% in the presence of VI)w ithout at race of the undesired isomerized product 18 ( Table 2, entries12and 14) .
When planning the synthesis of unsymmetrical curcuminoids, homoallylic alcohol 2 was coupled with allylic alcohol 1 in the presenceo fasecond-generation catalyst (II or III). Althought here are examples of selective CM reactions between type Ia nd type II olefins, [26] in the case of the reaction of two model substrates, am ixture of products was formed as ar esult of CM and SM of both substrates, even if the allylic alcohol was used in excess. When we used the less reactive vinyl ketone 3 insteado fa llylic alcohol 1 as ac rossp artner for 2, the reaction proved to be much more selective, and the desired product 19,u nder optimized reaction conditions, was obtained in 77 %y ield with high diastereoselectivity (E > 98 %, Scheme 6). The result of this reaction suggested that phenyl vinyl ketone 3 may be efficiently coupled with more reactive olefins of type 1o r2 ,a ccording to the Grubbs classification. However,i nt he case of al ess reactive partner (as diene 9), the cross-coupled product is formed only in low yields (Table 1) . In subsequente xperiments,w ei nvestigated the reactions of ketones 7 and 8 as well as of alcohols 5 and 6 derived from cinnamaldehyde (Scheme 2). The presence of an additional internal doubleb ond in these substrates makes their CM reactions more challenging. However,i tc ould be expected that the terminal monosubstituted double bond is more reactive. As eries of reactions was carriedo ut for olefin 5 with ethyl sorbate 9 ( Table 3 ). The main product of reactions in toluene (entries 1-4) was 1-phenylpent-1-en-3-one (21), produced by ruthenium complex-catalyzed isomerization of substrate 5.E ven the addition of chloroborocatechol or 1,4-benzoquinone [28] [29] [30] to prevent isomerization was unsuccessful. Only traces of the expected product 20 were formed. The same happened when 1,2-dichloroethane was used as as olventa t6 58C( entries 9a nd 10). However,r eactions carried out in CH 2 Cl 2 (entries 5-7) or in ethyl ether (entry 8) at reflux produced mostly product 20, albeit in lowy ields. Interestingly,t he influence of the catalyst type, its concentration, and the reaction temperature on the reactioncourse proved to be less important.The above CM appeared to be regioselective-thep roduct of the internal double-bond reactioni ns ubstrate 5 wasf ormedi nn egligible amounts.
The problem of the competitive isomerizationp rocess was also encountered duringt he study of the SM of 5.E ven the reactions of compound 5 in the presence of catalyst II carried out in refluxing CH 2 Cl 2 led to the formation of ketone 21 as the main product, in addition to the unreacted substrate. In Figure 3 . New modified ruthenium metathesis catalystwith polyether clamp embracing N,N'-2,4-dimethylphenyl substituents in the NHC ligand. [27] Scheme6.CM reaction between phenyl vinyl ketone(3)and 1-phenylbut-3-en-1-ol (2). Reagents andconditions:a)10mol %o fc atalyst III,4equiv of 3, CH 2 Cl 2 ,reflux, 16 h, 19:77%, E > 98 %. www.chemistryopen.org subsequente xperiments, to overcome the problem of isomerization, the corresponding unsaturated ketone 7 was subjected to CM and SM reactions. The results of reactionb etween vinyl ketone 7 and ethyl 3-methylhexa-2,4-dienoate 9 in the presence of various catalysts are summarized in Ta ble 4. In all reactions, the desired product 22 was accompanied by ester 23,resulting from the CM reaction on the internal double bond and products of SM of the starting ketone on both double bonds, althought oam uch lesser extent.
The highest conversion was obtained in reactions promoted by catalyst II in refluxing CH 2 Cl 2 or under Lipshutz conditions (II,C u 2 I 2 ,r efluxing ether) [31] (Table 4 , entries 9a nd 10). However, this complex promoted the metathesis reactiono nb oth double bonds present in the substrate. To our surprise, the product on the internal double bond 23 dominated in the reaction mixture. With the use of other metathesis catalysts, such as III or IV,u nselective scissiona lso occurred;h owever, these complexes favored the formation of the desired ester 22 over the short-chain ester 23 (Table 4 , entries 2-6). Acompletely regioselective reaction was observed when complex VI (entry 11)w as used as ac atalyst ( Figure 3 ). The retinoid analogue 22 was obtained in 30 %y ield with high diastereoselectivity.T he catalyst's bulkiness likelyp revented ar eactiono n the internal, more hindered doubleb ond. The considerable reactivity of the internal double bond in 7 can be explained as follows.A st he steric factorsf avor ar eaction on the less hindered terminal doubleb ond, the electronic effects seemed to be responsible for the increasedr eactivity of this ketone's internal doubleb ond. The conjugation of benzene p electrons with the a,b-unsaturated ketone system caused higher electron density on this double bond, as compared with the electron-deficient terminal double bond. This assumption seems to be confirmed by the high reactivity of cinnamaldehyde in CM reactions [22] as wella sb yt he resistance of the analogous www.chemistryopen.org double bond in the corresponding alcohol (no conjugation)t o the metathesisr eactions, as described above (Table 2) . Then, we attempted metathesis reactions of allylic ketone 8. Although its CM with ethyl sorbate 9 was carried out under variousc onditions, the reactions proved to be very sluggish and ac omplex mixture of products was obtained as ar esult of competitive CM, SM, and isomerization processes. When the corresponding alcohol 6 was subjected to ac oupling reaction with the same diene 9,t he desired product 24 was obtained, accompanied by SM products and unreacted substrates. The best product yield was achieved by employing the Lipshutz [31] procedure;e ster 24 was then obtained in 38 %y ield and with high diastereoselectivity (Scheme7). SM of the same substrate proceeded in the highest product yield (total yield of the mixture of diastereoisomers:8 2%)i nt he presence of catalyst I (Scheme 7).
With these results in hand, we examined the application of the method to retinoid and curcuminoid syntheses. As the CM reactiono fm odel 1-phenylprop-2-en-1-ol (1)w ith ethyl 3-methylhexa-2,4-dienoate (9)w as much more efficient than CM of the corresponding vinyl ketone 3,t he synthesis of retinoids 10 and 28 from allylic alcohols was designed by employing the two-step procedurec onsisting of CM followed by oxidation (Scheme8). In both cases (substrates 1 and 26) , CM reactions gave the desired products (14 and 27)i nh igh yields and with high E stereoselectivity.O xidation of CM products by PDC yielded retinoids 10 and 28 in satisfactory yields.
The initial studies proved that as imilar strategy should also be optimal for the preparation of symmetrical curcuminoids. Allylic and homoallylic alcohols 2, 26,a nd 31 were subjected to SM reactions followed by oxidationt oa fford the desired analogues of curcumin (Scheme9). The unsymmetrical curcuminoid 34 waso btained through the CM reaction between phenylv inyl ketone( 3)a nd homoallylic alcohol 31 in ag ood yield and with high E selectivity (Scheme 10).
Biological Tests
The synthesized analogues of etretinate and curcumin were screened againstv arious tumor cells. The T-lymphoblastic leukemia CEM cell line proved to be the most sensitivetothe retinoids and curcuminoids (Table 5) in the micromolar range. The most effective antiproliferative activity on all of the tested cell lines was displayed by compound 22 (IC 50 0.9-2.8). However, retinoids and curcuminoids also appeared toxic toward normal human fibroblasts (BJ) at as imilarc oncentration.T he cytotoxic www.chemistryopen.org activity resultso btained for oxoretinoids (10, 22, 28) a nd the analogues of ethyl retinoate (35 and 36) [22] ( Figure 5 ) proved that the presence of acarbonyl group in the polyene chain significantly improves antitumorp roperties (Table5,e ntries 1-5). Amongt he oxoretinoids, highera ntiproliferative activity was observedf or the compound possessing the methoxyg roup in the benzene ring (28)a nd al onger polyenic chain (22) . The polyene chain length seems to be essential. In the curcuminoid series, analogues with the double bond in the chain, especially conjugated to the carbonyl group,e xhibitedastronger cytotoxic effect (Table 5 , compare entries 6v s. 7v s. 11,a nd 7v s. 8, and 9v s. 10). In contrast to the retinoids, the presence of methoxy groups in the curcuminoid benzene ringd ecreased the cytotoxicity.
The oxygen radicala bsorbance capacity (ORAC)i st he ability of compounds to scavenge free peroxy radicals in vitro. [32] The synthesized compounds were found to be moderate antioxidants whose activities reached 7.9 %o ft rolox activity on an equimolar basis (Table 6 ). In detail, 19 wasthe mostactive radical scavenger,w hereas the activities of 35, 18,a nd 28 were below the detection limit. [22] Table 6 . Oxygen radicala bsorbancec apacity given as ar atio between compound and trolox on an equimolarb asis.
[ The in vitro anti-inflammatory properties of retinoids and curcuminoids were studied by using enzyme-linked activity assays (ELISAs) in pretreated human umbilical vein endothelial Cells (HUVECs), in which these compounds could inhibit NFkB. E-selectin (ELAM) expression was inducedb yT NFa,w hich is indicative of NF-kBa ctivation.T he observed reduction of ELAM expression upon treatment of the HUVECs with 10 or 30 mm of retinoids andc urcuminoids was significant for all of the tested compounds in all concentrations in ad ose-dependent manner. The most active derivativesw ere 22 and 19,a s compared to 10 mm curcumin as ap ositive control ( Figure 6 ). In parallel, the cytotoxicity of all compounds was investigated. These derivatives had av ery slight influence on cell viability. The obtained resultsprovide evidencethat the NF-kBpathway was targeted by the retinoids and curcuminoids.
Conclusions
We studied the metathesis reactions of vinyl and allyl ketones as well as that of the corresponding alcohols under various conditions to find the best route for the synthesis of oxoretinoids and curcuminoids. Our studies proved that the CM of unsaturated alcohols is much more efficient than that of unsaturatedk etones. The exception was 1-phenylpenta-1,4-dien-3-ol (5), which showedahigh tendency for isomerization under metathesis conditions. Although second-generation catalysts are known to be able to promote metathesis reactions of electron-deficient substrates such as a,b-unsaturated carbonyl compounds, in the case of the unsaturated ketone reactions we examined,t he desired productsw ere obtained with only low-to-moderate yields, albeit with high diastereoselectivity. For vinyl and allyl ketones with an additional doubleb ond conjugated to the ketone moiety,w eo bserved increased reactivity of the internal double bond that led to unselectivem etathesis of such substrates. The mostl ikely reason for this was the highe lectron density of the double bond, owing to conjugation with both the benzene ringa nd the carbonyl group. Ta king into account the obtained results, ac onvenient synthetic route to various retinoids and curcuminoids was elaborated. The methodc onsists of at wo-step procedures tartingf rom allylic and homoallylic alcohols with the CM reactiona st he first step, followed by mild oxidation of alcohols to ketones.T he desired oxoretinoids andc urcuminoids were obtained in good yields and with high diastereoselectivity.T he synthesized compoundsw ere tested for antiproliferative, antioxidant,a nd antiinflammatory activity in vitro. All examined derivatives exhibited strong cytotoxicity againstl eukemia cell line CEM, except for 18 and 35.H owever,t he tests demonstrated that they are also toxic towards the normalh uman fibroblasts (BJ). The antioxidanta ctivity was weakf or all of the tested compounds. In contrast, they exhibited strong anti-inflammatory activity in vitro without affecting cell viability.
Experimental Section Chemistry
The melting points presented here were determined by using To ledo Mettler-MP70 apparatus. NMR spectra were recorded with Bruker Avance II 400 or AvanceD PX 200 spectrometers operating at 400 and 200 MHz, respectively,u sing CDCl 3 solutions with TMS as the internal standard (only selected signals in the 1 HNMR spectra are reported). Infrared spectra (in chloroform solution) were recorded by using aN icolet series II Magna-IR 550 FTIR spectrometer. Mass spectra were obtained at 70 eV with an AMD-604 spectrometer.T he reaction products were isolated by column chromatography,p erformed using 70-230 mesh silica gel (J. T. Baker) or by www.chemistryopen.org semi-preparative HPLC. The purity of final compounds was found to be ! 95 %a sd etermined by HPLC analysis. HPLC analysis was performed with aL abAlliance apparatus comprised of pumps (III Pump series), aU V/Vis detector (525 Dual-wavelength), and an injection valve (Rheodyne Model 7725i). Analytical HPLC was carried out with aS upelco-Si column (5 mm), 0.46 25cm, and semi-preparative HPLC with aS MT-Si column (5 mm), 1.0 25cm.
Example Procedure for Retinoid Synthesis
The solution of 1-phenylprop-2-en-1-ol (1,2 0mg; obtained from benzaldehyde through aG rignard reaction with vinylmagnesium bromide in ar outine manner) in dry dichloromethane (0.5 mL) was added drop-wise to as olution of ethyl (2E,4E/Z)-3-methylhexa-2,4-dienoate (9,5 equiv,1 15 mg, 0.11mL) and aH oveyda-Grubbs second-generation catalyst (III,1 0mol %, 9mg) in dry dichloromethane (0.5 mL). The reaction mixture was stirred at 40 8Cu nder an argon atmosphere for 16 h. Then, the mixture was concentrated in vacuo and purified directly by using silica gel column chromatography. (26 mg).In the next step, the solution of alcohol 14 (20 mg) in dry dichloromethane (5 mL) was added to PDC (3 equiv,9 0mg) under argon at room temperature. The reaction mixture was stirred for 6huntil all starting material was consumed. The mixture was filtered through as mall pad of Celite and silica gel with hexane/ethyl acetate (95:5), and the filtrate was evaporated under reduced pressure to give the desired product 10 in 70 % (14 mg), which needed no further purification.
Ethyl
(2E,4E)-3-methyl-6-oxo-6-phenylhexa-2,4-dienoate (10 Compound 28 was also prepared by using this method. Compound 22 was obtained in aC Mr eaction of 1-phenylpenta-1,4-dien-3-one (7)a nd ethyl 3-methylhexa-2,4-dienoate (9)i nt he presence of catalyst VI (10 mol %);d etails of the procedure together with analytical data are provided in the Supporting Information.
Example Procedure for Symmetrical Curcuminoid Synthesis
The solution of unsaturated alcohol (31, 30 mg) in dry dichloromethane (1 mL) was added to the Hoveyda-Grubbs second-generation catalyst (III,5mol %, 5mg) in dry dichloromethane (0.5 mL). The reaction mixture was stirred at 40 8Cu nder an argon atmosphere for 16 h. Then, the mixture was concentrated in vacuo and the crude product was purified directly by using silica gel column chromatography. (22 mg) . In the next step, the solution of Dess-Martin periodinane (3 equiv, 66 mg) in dichloromethane (6 mL) was added to the solution of alcohol 32 (20 mg), cooled to 0 8C, in dichloromethane (3 mL). The reaction mixture was stirred at 0 8C. After completion of the reaction (TLC control, 0.5 h), the reaction mixture was passed through as mall pad of Celite and silica gel, and eluted with am ixture of hexane/ethyl acetate (8:2). The filtrate was evaporated under reduced pressure to give the desired product 33 in 99 %y ield (19 mg, isomer E > 94 %), which needed no further purification. Compounds 12, 13,a nd 30 were also prepared by using this method;t he details together with the analytical data of products are provided in the Supporting Information.
Example Procedure for Unsymmetrical Curcuminoid Synthesis
The solution of unsaturated alcohol 31 (12 mg) in dry dichloromethane (0.5 mL) was added drop-wise to the solution of phenyl vinyl ketone 3 (4 equiv,3 0mg) and the Hoveyda-Grubbs second-generation catalyst (III,1 0mol %, 4mg) in dry dichloromethane (0.5 mL). The reaction mixture was stirred at 40 8Cu nder argon atmosphere for 16 h. Then, the mixture was concentrated in vacuo and purified directly by using silica gel column chromatography.P roduct 34 was eluted with hexane/ethyl acetate (7:3) in 94 %y ield (16 mg, E > 97 %). )o fr etinoids and curcuminoids were prepared by dissolving an appropriate quantity of each substance in dimethyl sulfoxide (DMSO). Dulbecco'sm odified Eagle's medium (DMEM, RPMI 1640 medium), fetal bovine serum (FBS), l-glutamine, penicillin, and streptomycin were purchased from Sigma (MO, USA). Calcein AM was obtained from Molecular Probes (Life Te chnologies, CA, USA).
The screening cell lines (T-lymphoblastic leukemia CEM cell line, breast carcinoma cell line MCF7, cervical carcinoma cell line HeLa and BJ human fibroblasts) were obtained from the American Type Culture Collection (Manassas, VA,U SA). The CEM cell line was cultured in RPMI 1640 medium and the others in DMEM medium (Sigma, MO, USA);b oth media were supplemented with 10 %f etal bovine serum, 2mmol L À1 l-glutamine, 10 000 Up enicillin, and 10 mg mL À1 streptomycin. The cell lines were maintained under standard cell culture conditions at 37 8Ca nd 5% CO 2 in ah umid environment. Cells were sub-cultured twice or three times aw eek by using the standard trypsinization procedure.
HUVECs were cultured in ECGM medium (endothelial cell growth medium, Provitro, Berlin, Germany), supplemented with 10 %f etal bovine serum (Sigma Aldrich, Munich, Germany). Cells were maintained under standard cell culture conditions at 37 8Ca nd 5% CO 2 in ah umid environment. The cells were sub-cultured twice or three times aw eek by using the standard trypsinization procedure. The HUVECs were ak ind gift from Prof. Jitka Ulrichovµ (Medical Faculty,P alacky University,O lomouc).
Calcein AM Assay
Suspensions of the tested cell lines (ca. 1.0 10 5 cells mL
À1
)w ere placed in 96-well microtiter plates;a fter 24 ho fs tabilization (time zero), the tested compounds were added (in three 20 mLa liquots) in serially diluted concentrations in DMSO. Control cultures were treated with DMSO alone, and the final concentration of DMSO in the incubation mixtures never exceeded 0.6 %. The tested compounds were typically evaluated at six three-fold dilutions, and the highest final concentration was generally 50 mm.A fter 72 hi ncubation, 100 mLo fC alcein AM solution (Molecular Probes, Invitrogen, CA, USA) was added, and incubation was continued for af urther 1h.Fluorescence of viable cells was then quantified by using aFluoroskan Ascent instrument (Labsystems, Finland). The percentage of surviving cells in each well was calculated by dividing the intensity of the fluorescence signals from the exposed wells by the intensity of signals from the control wells and multiplying it by 100. These ratios were then used to construct dose-response curves, from which IC 50 values, that is, the concentrations of respective compounds that were lethal to 50 %ofthe tumor cells, were calculated. The results obtained for selected compounds are shown in Ta ble 5.
Determination of OxygenRadical AbsorbanceCapacity
The ORAC was determined according to Ou et al. [32] Briefly,1 00 mL of 500 nm fluorescein and 25 mLo fd iluted solutions of the tested compounds were pipetted into each working well of a( 96-well) microplate, pre-incubated at 37 8C. Then, 25 mLo f2 50 mm AAPH was added and the microplate was shaken for 5s in af luorimeter, Infinite 200 (Tecan, Mannedorf, Switzerland). Fluorescence (Ex. 485 nm, Em. 510 nm) was read every 2min for 60 min. The net area under the curve was used to calculate the ORAC, which was expressed as ar atio between the tested compound and trolox on an equimolar basis.
Anti-inflammatory Activity In Vitro

CD62E( E-selectin, ELAM) Induction Assays
Each well of the 96-well plate was coated with collagen Gf or 15 min at 37 8C. The outer wells (A1-A12, H1-H12, 1-H1, and A12-H12) contained only 200 mLp er well medium and served as an evaporation barrier.Atotal of 110 4 of HUVECs was seeded in each of the other wells in 200 mLm edium and grown for 48 ht o optimal confluence. Increasing concentrations of compounds were then added to the HUVEC-containing wells in triplicate, and the cells were incubated for 30 min, after which 10 ng mL À1 TNFa was added per well to stimulate NF-kB, and thus ELAM. After further 4h incubation, levels of ELAM in each of the HUVEC-containing wells were determined by using ELISAs, as described below.
Cell-Surface ELISA ELAM
Cells were washed once with phosphate-buffered saline (PBS) and fixed with 0.1 %g lutaraldehyde (Sigma-Aldrich, Munich, Germany) for 15 min at room temperature. Then, the cells were washed three times with 200 mLP BS/0.05 %T ween 20 per well, blocked with 200 mL5%B SA/PBS per well for 1h,a nd washed again three times with 200 mLP BS/0.05 %T ween 20 per well. Then, the anti-ELAM antibody (clone BBA-1, R&D Systems, Minneapolis, MN, USA), diluted 1:5000 in 0.1 %B SA/PBS (100 mLp er well) was added for 1h at room temperature and washed five times with 200 mLP BS/0.05 % Tween 20 per well. Subsequently,g oat anti-mouse HRP antibody (Sigma-Aldrich, Munich, Germany), diluted 1:10 000 in 0.1 %B SA/ PBS (100 mLp er well), was applied and the cells were incubated for 1h in the dark at room temperature and, after decanting, washed five times with 200 mL, PBS/0.05 %T ween 20 per well. HRP activity of the cells in each of the wells was estimated by using fast-OPD (o-phenylenediaminedihydrochloride) (Sigma-Aldrich, Munich, Germany) assay,a sd escribed, [33] and absorbance was measured at OD 492nm in av ertical spectrophotometer.
Cytotoxicity Testing
For the ELAM expression assay,t he toxicity of the tested compounds was assessed in the HUVECs by Calcein AM (Molecular Probes, Invitrogen, Karlsruhe, Germany) cytotoxicity assays in 96-well microtiter plates. [34] 20 mLp ortions of each of the compound concentrations were added in triplicate to the cells, which were then incubated at 37 8Ci na na tmosphere containing 5% CO 2 for 4h,a fter which Calcein AM solution was added for 1h according to the manufacturer's instructions. The fluorescence of viable cells was quantified by using aF luoroskan Ascent reader (Lab-systems, Finland) and cytotoxic concentrations were calculated on the basis of triplicate experiments.
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